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Structural dynamic identification: EMA VS OMA

Å ExperimentalModalAnalysis (EMA): Forcedvibration(Input/output) 

Dynamic characterization under operating conditions

Quick and cheap testing procedures

Å OperationalModalAnalysis (OMA): Ambient noisevibration(Onlyoutput) 



Å Zahid , F.B.; Ong, Z.C.; Khoo, S.Y. A review  of operational  modal  analysis techniques for in-service modal  identification . J. Braz. Soc. Mech. Sci. Eng. 2020, 42:398. Zhang, L.; 
Brincker, R.; Andersen, P. An  overview  of operational  modal  analysis: Major  development and issues. In Proceedings of the 1st International  Operational  Modal  Analysis  
Conference, Copenhagen, Denmark, 26-27 April  2005

Å Bendat, J. S., Piersol, A. G.: Engineering Applications of Correlation and SpectralAnalysis, JohnWiley & Son1993.
Å IvanocicɀȮS. S., Trifunac , M. D., Todorovska, M. I.: Ambient Vibration Testsof StructuresɬA Review, ISETJournal Of Earthquake Technology 37(4), pp. 165-197(2000).

EMA OMA

Control of force level Quick and cheap testing procedures

Identification of nonlinear structural behavior Dynamic characterization under operating conditions

EMA OMA

Temporary interruption of structure functionality System linearity assumption

Expensive set-up Superposition of excitation sources

Advantages

Disadvantages



Structural dynamic identification: EMA VS OMA
Å ExperimentalModalAnalysis (EMA): Forcedvibration(Input/output)

Å OperationalModalAnalysis (OMA): Ambient noisevibration(Onlyoutput) 

The key hypothesis of OMA are:
 the structure can be considered as excited by a white noise process W(t), 
System linearity assumption

Dynamic characterization under 
operating conditions

Quick and cheap testing procedures



OMA BACKGROUND

FREQUENCY DOMAIN

Å Frequency Domain
Decomposition(FDD);

Å Peak Picking + Half
Power Bandwith
Method (PP+HP);

ÅΧ

R. Brincker, L. Zhang, P. Andersen, Modal Identificationfrom Ambient ResponsesusingFrequency Domain Decomposition, in Proc. of the 
International ModalAnalysis Conference (IMAC), San Antonio, Texas, February, 2000.

J. Lardies, Modalparameteridentificationbasedon ARMAV and state-spaceapproaches, Arch. Appl. Mech. 80 (4), 335ς352, 2010.
S. L. Chen, J. J. Liu, H. C. Lai, Waveletanalysisfor identificationof dampingratiosand natural frequencies, J. Sound Vib. 323 (1ς2), 130ς
147, 2009.

Hoa, T.N., Khatir, S., de Roeck, G., Long, N., Thanh, B.T., Abdel Wahab, M., An efficient approach for model updating of a large-scale cable-
stayed bridge using ambient vibration measurements combined with a hybrid metaheuristic search algorithm, Smart Structures and 
Systems, Volume 25, Issue 4, April 2020, Pages 487-499,2020.

 Marrongelli, G.,Gentile, C.,Saisi, A Anomaly Detection Based on Automated OMA and Mode Shape Changes: Application on a Historic 
Arch Bridge, Structural Integrity,11, pp. 447-455, , 2020.

BilelloC., Di Matteo A., Fersini A., MasnataC., Pirrotta A.,RussottoS., A novel identificationprocedure from ambient vibrationdata for 
buildings of the cultural heritageΣ !ǘǘƛ ŘŜƭ ·±LLL /ƻƴǾŜƎƴƻ !bL5L{ [ΩƛƴƎŜƎƴŜǊƛŀ ǎƛǎƳƛŎŀ ƛƴ LǘŀƭƛŀΣ !ǎŎƻƭƛ tƛŎŜƴƻ мр-19 Settembre, 2019.

TIME DOMAIN

Å Stochastic Subspace
Identification (SSI);

Å Auto-Regressive Χ
(ARMA)

ÅΧ

HYBRID METHODS

Å Time-Frequency
Domainmethods



The key hypothesis of OMA is:
 the structure can be considered as excited by a white noise process W(t), 

Stochastic Mechanics

MEETS

OPERATIONAL MODAL ANALYSIS (OMA)



Stochastic Mechanics
MEETS OPERATIONAL MODAL ANALYSIS (OMA)
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Structural Output

Number of record:   100

Time of recording:     60 s

Sampling frequency: 1000 Hz

S0: 9*10-5 m2/s3

ἦὸ

Stochastic Mechanics
MEETS OPERATIONAL MODAL ANALYSIS (OMA)





Hilbert TRANSFORM

MEETS

OPERATIONAL MODAL ANALYSIS (OMA)

TIME DOMAIN

David Hilbert (1862-1943)
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Damage Identification SDOF system

Use of Analytical signal 
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ÅHT for detecting 
and quantify system 
non-linearities.

ÅAnalytical signal 
for the system 
characterization. 

Å M. Simon, G.R. Tomlison, (1984) 
Journal of Sound and Vibration, 
96.

Å G.R. Tomlinson, I. Ahmed, 
(1987) Meccanica, 22. 

Å M. Feldman, (1997) Journal of 
Sound and Vibration, 208 .

Å S. Braun, M. Feldman, (1997) 
Mechanical  Systems and Signal 
Processing, 11 .

 

Use of Hilbert Transform and of Analytical Signal 



Damage identification   SDOF system
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Damage identification   SDOF system
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Correlationfunction
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PREVIOUS Proposed Method: MDOF Systems

HYBRID METHODS

IFFT

Welchôs

Method

Acquisition
of output signals

Hilbert

Transform

Filtering

Analytical signal( )x t

Correlation

function
Power Spectral

Density(PSD)

frequencies

damping ratios

modal shapes
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AN INNOVATIVE ONLY -OUTPUT METHOD TO IDENTIFY A STRUCTURAL SYSTEM



IFFT

Welchôs

Method

Acquisition
of output signals

Hilbert

Transform

Filtering

Analytical signal( )x t

Correlation

function
Power Spectral

Density(PSD)

frequencies

damping ratios

modal shapes
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Future Developments

HYBRID METHODS

AN INNOVATIVE ONLY -OUTPUT METHOD TO IDENTIFY A STRUCTURAL SYSTEM



FFT

Welchôs

Method

Acquisition
of output signals

Hilbert
Transform

Filtering

Analytical signal
( )x t

Correlation

function
Power Spectral

Density(PSD)

frequencies
damping ratios

modal shapes

Ὓ Ὢ Ὑ †

ὃ† ȟ—†

VERY 
user 
friendly

NOT user 
friendly

AN INNOVATIVE ONLY -OUTPUT METHOD TO IDENTIFY A STRUCTURAL SYSTEM



PROPOSED METHOD

Modal

Shapes

Acquisition
of output signals
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Analytical signal

()tYR
Correlation

function

() ()A ,   t q t

()tXR
if

,  i if z()tX

Ambient 
Vibration

Correlationfunction

in ModalSpace

Fourier Transform

Selectionof the peaks

for filters

()filt tX
R

Structural dynamic identification through a     

 user friendly procedure!
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FIRST GOAL MODAL SHAPESif
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AN INNOVATIVE ONLY -OUTPUT METHOD TO IDENTIFY A STRUCTURAL SYSTEM
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Numerical Application: 3DOF System
() () () ()
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Numerical Application: 3DOF System
AN INNOVATIVE ONLY -OUTPUT METHOD TO IDENTIFY A STRUCTURAL SYSTEM

( ) ( )()

( )()

  

1

 

1
1

0

0

filt k filt k
i

filt k

X X ik

kX

R

R

f

f
º

FFT and Peaksselection

( )() filt k

iX t ()filt tX
R

Exact
Proposed 
method

Discrepancy
[%]

FDD
Discrepancy

[%]
SSI

Discrepancy
[%]

1˒1 1.0000 1.0000 0.0000 1.0000 0.0000 1.0000 0.0000

2˒1 1.7893 1.7931 0.2148 1.7796 0.5414 1.8097 1.1393

3˒1 2.2148 2.2209 0.2731 2.1997 0.6846 2.2451 1.3644

1˒2 1.0000 1.0000 0.0000 1.0000 0.0000 1.0000 0.0000

2˒2 0.3884 0.3814 1.7773 0.3880 0.0785 0.4037 3.9463

3˒2 -0.8271 -0.8263 0.0893 -0.8270 0.0038 -0.8287 0.2040

1˒3 1.0000 1.0000 0.0000 1.0000 0.0000 1.0000 0.0000

2˒3 -1.3476 -1.3621 1.0705 -1.3734 1.9091 -1.3415 0.4541

3˒3 0.6566 0.6657 1.3949 0.6740 2.6575 0.6527 0.5938



Modal
space

PROPOSED METHOD
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David Hilbert (1862-1943)
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PROPOSED METHOD
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PROPOSED METHOD
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Estimation of Dynamic parameters

Proposed Method

()
()

,
2

j

j istf
q t

t
p

=

(),[ ]j j istf E f t=

() j j2

j j eA
f

 E
p z t

t
-

=
()j j,ist j2 fq t p t j= +ÅPhase ÅAmplitude

ӶὪ

Hilbert 

Transform

Analytical signal

()tYR

() ()A ,   t q t,  i if z

Correlationfunction

in Modal Space

,  i if z

()ln ln 2j j j jA E ft p z tè ø è ø= -ê ú ê ú

2j j jb fp z=-

2

2 2 24

j

j

j j

b

b f
z

p
=

+

 andjz jb
jf



Numerical Application: 3DOF System

AN INNOVATIVE ONLY -OUTPUT METHOD TO IDENTIFY A STRUCTURAL SYSTEM
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Whatdo I meanwith user Friendly!!!

Self made Matlab script to avoidBlack Box

Rune Brincker
UnderstandingStochastic
SubspaceIdentification

2 Aspects

1  Aspect

The technique involvesseveralsteps of «mysterious
mathematics» verydifficult for people with a classical
background  in structuraldynamics
Block HankelaŀǘǊƛȄ ŀƴŘΧΦ

FDD Frequency 
Domain 
Decomposition

Welch Method 

It may be used by people who have little 
to no knowledge of signal processing

2  Aspect



CASE STUDY: CHIARAMONTE PALACE (Palermo)

Located in the marine area of Palermo. Commissioned
by Giovanni Chiaramonte and completed in 1307. Now
it housesthe Rectorateof the University  of Palermo.

WhataboutHistoricalBuildings



CASE STUDY: CHIARAMONTE PALACE (Palermo)

Å Arab-Norman  influences
Å Three-story masonry building
Å Square plan of about 40x40 m
Å Central courtyard  (object of this 

study)  distributed  over an area 
of about 400 m2.

Å Height  of about 20 m 
Å Double arcade with  ogival  

arches resting on columns
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CASE STUDY: CHIARAMONTE PALACE (Palermo)
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Characteristicsof the piezoelectricsensors.

Producer PCB Piezotronics

Model PCB 393B04

Sensitivity 1000 mV/g

Measuring range +/- 5 g

Frequency range From 0.06 Hz to 450 Hz

Broadband resolution 3x10-6 g rms

Mass 50 g

PCB 393B04

Piezo-electric
accelerometers

Acquisitionunit

Total duration:
600 s
Sampling frequency: 100 Hz
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Dir. u LABEL Dir. v LABEL
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CASE STUDY: CHIARAMONTE PALACE (Palermo)
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5z 

EFDD 0.96% 2.59% 1.91% 1.73% 1.28% 

SSI  - 2.56% 2.35% - 1.26% 

Proposed 1.33% 2.40% 2.45% 1.23% 1.31% 

 

FDD
SSI
Method



SDI: frequencies and damping ratios PREVIOUS TESTS

Ὢ Ὢ Ὢ Ὢ Ὢ

(Hz) 2.755 3.564 3.955 4.719 5.257

CH. 4, 8

CH. 1, 5

CH. 2, 6

CH. 3, 7

‚ ‚ ‚ ‚ ‚

(%) 1.329 2.055 2.223 1.813 1.882

Method 1z 
2z  

3z 
4z  

5z 

EFDD 0.96% 2.59% 1.91% 1.73% 1.28% 

SSI  - 2.56% 2.35% - 1.26% 

Proposed 1.33% 2.40% 2.45% 1.23% 1.31% 
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REMARKS

A novel user friendly procedure based on applying the Hilbert Transform, to obtain the 

analytical signal of the ambient response in terms of the correlation function has been 

proposed. This approach opens the pathway for a monitoring system that is user friendly and 

can be used by people who have little to no knowledge of signal processing and stochastic 

analysis such as those who are responsible for the maintenance of a ŎƛǘȅΩǎ Historical Buildings, 

just by looking at time domain records! 

Matlab command

Future Developments

Not well-spaced frequency systems  





Dir. u LABEL Dir. v LABEL

CH. 1 X1 CH. 4 X4

CH. 2 X2 CH. 5 X5

CH. 3 X3 CH. 6 X6

 1 2 3 4 5 
Type Butterworth Butterworth Butterworth Butterworth Butterworth 

Order 8 8 8 8 8 

Initial frequency of 

the passband [Hz] 
2.7616 3.5611 3.8541 4.7269 5.3189 

Final frequency of 

the passband [Hz] 
2.7682 3.5678 3.8608 4.7336 5.3256 

 

FFT and Peaksselection
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CASE STUDY: CHIARAMONTE PALACE (Palermo)
MODAL SHAPES

PM FDD SSI

˒мм 0.1920 0.0234 -

˒нм 0.0969 -0.0975 -

˒ом 0.0954 0.0230 -

˒пм -0.1457 -0.1990 -

˒рм -0.4786 -0.5349 -

˒см -0.8333 -0.8147 -

PM FDD SSI

˒мн 0.3188 0.3174 0.3038

˒нн 0.6493 0.6486 0.6381

˒он 0.6824 0.6853 0.7042

˒пн -0.0375 -0.0298 -0.0103

˒рн -0.0958 -0.0859 -0.0621

˒сн -0.0237 -0.0259 0.0255

PM FDD SSI

˒мо 0.1342 0.0911 0.1311

˒но 0.2646 0.1778 0.1909

˒оо 0.2462 0.1570 0.2659

˒по 0.3385 0.3538 -0.2576

˒ро 0.6365 0.6808 -0.7135

˒со 0.5759 0.5889 -0.5480

PM FDD SSI

˒мп 0.2477 0.2494 -

˒нп 0.2451 0.2561 -

˒оп -0.0202 0.0360 -

˒пп 0.1780 0.2010 -

˒рп 0.1317 0.1305 -

˒сп 0.9106 0.9019 -

PM FDD SSI

˒мр 0.4441 0.4012 0.3996

˒нр 0.5726 0.5753 0.6189

˒ор -0.5562 -0.5605 -0.5626

˒пр 0.0103 0.0656 0.0781

˒рр 0.3054 0.3333 0.3565

˒ср -0.2687 -0.2801 -0.0874

PM FDD SSI

˒мм 1.0000 1.0000 -

˒нм 0.5046 -4.1669 -

˒ом 0.4968 0.9841 -

˒пм -0.7588 -8.5099 -

˒рм -2.4929 -22.8715 -

˒см -4.3405 -34.8311 -

PM FDD SSI

˒мн 1.0000 1.0000 1.0000

˒нн 2.0368 2.0433 2.1002

˒он 2.1405 2.1589 2.3175

˒пн -0.1176 -0.0938 -0.0340

˒рн -0.3006 -0.2705 -0.2042

˒сн -0.0744 -0.0816 0.0838

PM FDD SSI

˒мо 1.0000 1.0000 1.0000

˒но 1.9709 1.9510 1.4567

˒оо 1.8338 1.7229 2.0284

˒по 2.5215 3.8832 -1.9651

˒ро 4.7410 7.4725 -5.4431

˒со 4.2898 6.4642 -4.1804

PM FDD SSI

˒мп 1 1 -

˒нп 0.9894 1.0270 -

˒оп -0.0817 0.1444 -

˒пп 0.7184 0.8059 -

˒рп 0.5315 0.5232 -

˒сп 3.6754 3.6168 -

PM FDD SSI

˒мр 1.0000 1.0000 1.0000

˒нр 1.2895 1.4340 1.5488

˒ор -1.2524 -1.3970 -1.4078

˒пр 0.0233 0.1635 0.1954

˒рр 0.6876 0.8307 0.8922

˒ср -0.6051 -0.6982 -0.2186
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Damage Identification SDOF system

Use of Analytical signal 

Analytical SignalĔ( ) ( ) ( )y t x t ix t= +

2 2Ĕ( ) ( ) ( )A t x t x t= + Amplitude

Ĕ( )
( ) arctan

( )

x t
t

x t
q

è ø
= é ù

ê ú
Phase

( ) ( )ist t tw q= Instantaneous Frequency
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1 ( )
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t

t
t

p t

+¤

-¤
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Hilbert transform

Ĕ( ) ( ) ( ) ( )exp[ ( )]y t x t ix t A t i tq= + =



ÅHT for detecting and 

quantify system non-

linearities.

ÅAnalytical signal for the 

system characterization. 

Å M. Simon, G.R. Tomlison, (1984) 
Journal of Sound and Vibration, 
96.

Å G.R. Tomlinson, I. Ahmed, (1987) 
Meccanica, 22. 

Å M. Feldman, (1997) Journal of 
Sound and Vibration, 208 .

Å S. Braun, M. Feldman, (1997) 
Mechanical  Systems and Signal 
Processing, 11 .

 

Use of Hilbert Transform and of Analytical Signal 



Damage identification   SDOF system
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Damage identification   SDOF system
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 1 2 3 
Type Butterworth Butterworth Butterworth 

Order 8 8 8 

Initial frequency 

of the passband 

[Hz] 

2.2333 6.2500 9.0333 

Final frequency 

of the passband 

[Hz] 

2.3000 6.3167 9.1000 
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Filtering of the response process

Acceleration processɬFrequency domain

If the frequenciesare well -separated, in correspondanceof the k-th resonant frequency

PROPOSED METHOD

Acceleration processɬTime domain

Thus, by filtering the responseprocessaround the k-th resonant frequency by using band-pass filters with very little
bandwidth
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Correlations of the filtered signals and modal shapesestimation

Cross-correlations

Auto -correlations

Modal shapesestimation

PROPOSED METHOD



ÅStructural dynamic identification through a user friendly 

procedure in time domain only!

Goals:

frequencies

damping ratios

modal shapes

Methodology:

Å Ambient vibration tests and Operational Modal Analysis 

(OMA)

AN INNOVATIVE ONLY -OUTPUT METHOD TO IDENTIFY A STRUCTURAL SYSTEM

Proper for Historical Buildings



Dir. u LABEL Dir. v LABEL

CH. 1 X1 CH. 4 X4

CH. 2 X2 CH. 5 X5

CH. 3 X3 CH. 6 X6

FFT and Peaksselection

()filt tX
R

( ) ( )()

( )()

  

1
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1

0

0

filt k filt k
i

filt k
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ProposedMethod Previousexpresults FEM

f Dir f Dir f Dir

1 2.7211 v 2.755 - 2.758 v

2 3.5509 u 3.564 - 3.556 u

3 3.8617 v (u) 3.955 - 3.828 v

4 4.7477 uv 4.719 - 4.62 u

5 5.2937 u (v) 5.257 - - -



Numerical Application: 3DOF System

AN INNOVATIVE ONLY -OUTPUT METHOD TO IDENTIFY A STRUCTURAL SYSTEM
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DAMPED FREQUENCIES

Exact
Proposed 
Method

Discrepancy
[%]

2.2740 2.2711 0.1289
6.2888 6.2949 0.0959
9.0638 9.0582 0.0616

DAMPING RATIOS

Exact
Proposed 
Method

Discrepancy
[%]

0.0060 0.0068 13.7958

0.0070 0.0069 1.4961

0.0050 0.0058 16.5222



BRIDGE MONITORING



Backgroun
d

Expensive 
setup

Piezoelectric 
accelerometer

Traditional monitoring technique 
basedon dynamicidentificationbased 

on dynamic identification based on dynamic 
identificationNo artificial 

input

Structure in 
operating 
conditions



Backgroun
d

No instrumentations 
on site

No artificial inputStructure in 
operating conditions

Indirect VBI-based methods
The Vehicle-Bridge Interaction system will
allow to monitor civil infrastructures , in an
indirect manner , using the recorded
responses of the vehicles moving over the
bridges



Backgroun
d

Y.-.Φ ¸ŀƴƎΣ /Φ ²Φ [ƛƴΣ άVehicleςbridge interaction dynamics and potential applicationsέ 
Journal of Sound and Vibration, vol.284, pp. 205ς226, 2005

VBI - Equation of motions
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BRIDGE 
FIRST 

FREQUENCY

VEHICLE 
FREQUENCY

First few frequencies taken into account

Simplified model of the bridge (simply -supported beam)

No damping

Vehicle mass much smaller than structural mass 

Hypothesis



Backgroun
dVBI - Equation of motions

STATIC DEFLECTION 
OF THE MIDSPAN OF 

THE BEAM

SPEED 
PARAMETER
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Y.-.Φ ¸ŀƴƎΣ /Φ ²Φ [ƛƴΣ άVehicleςbridge interaction dynamics and potential applicationsέ 
Journal of Sound and Vibration, vol.284, pp. 205ς226, 2005

Displacement 
of the bridge 

midspan 



Backgroun
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VBI - Equation of motions
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Y.-.Φ ¸ŀƴƎΣ /Φ ²Φ [ƛƴΣ άVehicleςbridge 
interaction dynamics and potential 
applicationsέ WƻǳǊƴŀƭ ƻŦ {ƻǳƴŘ ŀƴŘ ±ƛōǊŀǘƛƻƴΣ 
vol.284, pp. 205ς226, 2005

Vehicle 
response

Vehicle 
response 
spectrum

fv = Vehicle 

frequency

fb = bridge 

frequency



Dynamic Test OMA

Interchange 12 bridge �kDubai (UAE)


